Prior work suggests that there may be two distinct pathways of alcohol use disorder (AUD) risk: one associated with positive emotion enhancement and behavioral impulsivity, and another associated with negative emotion relief and coping. We sought to map these two pathways onto individual differences in neural reward and threat processing assessed using blood-oxygen-leveldependent functional magnetic resonance imaging in a sample of 759 undergraduate students (426 women, mean age 19.65 ± 1.24 years) participating in the Duke Neurogenetics Study. We demonstrate that problem drinking is highest in the context of stress and in those with one of two distinct neural phenotypes: (1) a combination of relatively low reward-related activity of the ventral striatum (VS) and high threat-related reactivity of the amygdala; or (2) a combination of relatively high VS activity and low amygdala reactivity. In addition, we demonstrate that the relationship between stress and problem alcohol use is mediated by impulsivity, as reflected in monetary delay discounting rates, for those with high VS-low amygdala reactivity, and by anxious/depressive symptomatology for those with the opposite neural risk phenotype. Across both neural phenotypes, we found that greater divergence between VS and amygdala reactivity predicted greater risk for problem drinking. Finally, for those individuals with the low VS-high amygdala risk phenotype we found that stress not only predicted the presence of AUD diagnosis at the time of neuroimaging but also subsequent problem drinking reported 3 months following study completion. These results offer new insight into the neural basis of AUD risk and suggest novel biological targets for early individualized treatment or prevention.
INTRODUCTION
With a combined lifetime prevalence of approximately 30%, alcohol abuse and dependence are among the most common and debilitating psychiatric disorders in the United States. 1 Young adults represent a vulnerable population wherein emerging patterns of abuse particularly in response to stress 2 can precipitate long-term dependence and associated negative sequelae in mental and physical health as well as achievement in academic and occupational settings. [3] [4] [5] [6] [7] [8] [9] Although viable treatment options are available, relatively high long-term relapse rates 10 highlight the need for more effective prevention. Both treatment and prevention efforts have been hampered by substantial disorder heterogeneity, but subtyping individuals with alcohol use disorder (AUD) based on clinical presentation and overt behavioral traits has proven ineffective in improving long-term treatment efficacy. 11 Defining distinct biological pathways of risk in highly vulnerable populations before the onset of disorder may contribute to novel subtyping paradigms that may yield more effective strategies for intervention and prevention.
Neuroimaging studies of normative or at-risk populations have proven particularly useful in determining potential biological targets for prevention of AUD. The majority of available studies have sought to map individual differences in the functioning of a corticostriatal circuit supporting reward processing and motivation onto behavioral or psychometric indices of AUD risk. This work has collectively demonstrated that reward-related activity of the ventral striatum (VS), which serves as a neural hub through which information processing is coordinated within the corticostriatal circuit, is positively correlated with risk-related behaviors, including delay discounting 12 and self-reported impulsivity. 13, 14 Other studies have demonstrated a direct positive association between reward-related VS activity and harmful drinking patterns. 15, 16 In contrast to this relative VS hyper-activity associated with risk and disorder, an extensive parallel literature has highlighted the contribution of relative VS hypo-activity to drug-seeking behaviors, possibly as a means to compensate for blunted positive incentive processing. 17 Thus, both hyper-and hypo-activity of the VS in response to reward-related stimuli may confer relative risk for AUD.
A smaller literature has focused on the contributions of a corticolimbic circuit supporting threat processing to the emergence of AUD risk. Several studies provide convergent evidence that relatively reduced threat-related reactivity of the amygdala, which functions as the information processing hub of the corticolimbic circuit, may increase AUD risk, possibly via diminished recognition of, and reaction to, the hazards of excessive drinking. Specifically, one prior study has demonstrated blunted threat-related amygdala reactivity in currently healthy individuals at high familial risk for AUD. 18 Along similar lines, genetic liability for substance use 19 has been linked to relatively reduced threat-related amygdala reactivity in a normative population of middle-aged adults. 20 Conversely, we recently demonstrated that relatively increased threat-related amygdala reactivity may be a protective factor against stress-related problem drinking associated with relative VS hyper-activity in university students. 21 Interestingly, heightened threat-related amygdala reactivity is characteristic of mood and anxiety disorders, 22, 23 which are frequently comorbid with, and contribute to the emergence of, AUD. 24, 25 Thus, as may be true with reward-related VS activity, both hypo-and hyper-reactivity of the amygdala to threat may contribute to AUD risk.
The seemingly mixed nature of these findings can be at least partially explained by results from a largely independent behavioral and psychometric literature that has suggested the existence of two major pathways of risk for problem drinking. The first is associated with behavioral disinhibition and positive emotion enhancement and the second with negative emotion relief and coping. [26] [27] [28] The predominant pathway of risk for any individual may further differ as a function of biologically based personality traits, including neuroticism and extraversion. 26, 29 Consistent with this notion, each pathway likely has a unique neural signature present before the development of AUD. However, no prior work has attempted to map these putative behavioral and psychological subtypes of AUD risk onto individual differences in the functioning of the neural circuits for threat and reward.
Here we use data from a sample of 759 university students to probe how differences in reward-related VS activity and threatrelated amygdala reactivity might jointly contribute to distinct pathways of problem drinking and AUD risk. We focus specifically on problem drinking in the context of recent life stress, because stressful life experiences are a known risk factor for the development and persistence of AUD, 30 as well as potent modulators of signaling in both neural circuits. 31, 32 Based on the literature reviewed above, we hypothesized that particularly high levels of stress-related problem drinking will occur in individuals with a combination of relatively high VS and low amygdala reactivity, presumably through a positive emotion enhancement and disinhibition pathway, and in those with a combination of low VS and high amygdala reactivity, presumably through a relief/ coping pathway.
MATERIALS AND METHODS Participants
Data were derived from 897 participants (513 women, mean age 19.62 ± 1.24 years) who had successfully completed the ongoing Duke Neurogenetics Study (DNS) as of 31 December 2013. The DNS assesses a range of behavioral and biological traits among young adult, university students. The study was approved by the Duke University School of Medicine Institutional Review Board. All participants provided informed consent in accord with Duke University guidelines and were in good general health. All participants were free of the following exclusionary criteria: (1) medical diagnoses of cancer, stroke, diabetes requiring insulin treatment, chronic kidney or liver disease or lifetime history of psychotic symptoms; (2) use of psychotropic, glucocorticoid or hypolipidemic medication; and (3) conditions affecting cerebral blood flow and metabolism (for example, hypertension).
Our analyses focused on a subset of 759 participants (426 women, mean age 19.65 ± 1.24 years) with blood-oxygen-level-dependent functional magnetic resonance imaging (BOLD fMRI) data surviving a stringent multi-level quality control procedure (Supplementary Table S1 ). Of these 759 participants, 127 (55 women; mean age 19.79 ± 1.21 years) met criteria for at least one current Axis I or select Axis II (borderline or antisocial personality disorder) diagnosis according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV). The majority of these individuals (n = 86; 35 women, mean age 19.94 ± 1.15 years) were diagnosed with AUD (Supplementary Table S2 ). As our study focuses on inter-individual variability in problem drinking, we did not exclude participants with categorical disorders from analyses. Furthermore, we used the presence of a current alcohol-related disorder (alcohol abuse or dependence) as a dependent variable in a subset of analyses. Notably, participants were required to pass a breathalyzer test before scanning to ensure that they were not acutely intoxicated at the time of data collection. In addition, participants were asked to refrain from using any psychoactive substances while participating in the study and notified that they would be subject to a random drug screen on the day of their scan. Immediately preceding neuroimaging data collection, every tenth male participant was asked to provide a urine sample, which was tested on a QuickScreen Pro Drug Screening test (Phamatech, San Diego, CA, USA) for the presence of amphetamine, methamphetamine, opiates, cocaine and tetrahydrocannabinol (THC). Because of the pharmacokinetics of THC, 33 the presence of the chemical in urine was not deemed exclusionary unless the participant was acutely intoxicated. No participant was excluded for acute THC intoxication or tested positive for any other substance.
BOLD fMRI paradigms
Our amygdala and VS reactivity paradigms have been described in detail previously. 34, 35 Briefly, the amygdala reactivity paradigm consists of four blocks of a face-processing task interleaved with five blocks of a sensorimotor control task. During task blocks, participants view a trio of faces (with neutral, angry, fearful or surprised expressions) and indicate which one of the two faces (bottom) is identical to a target face (top). During control blocks, participants match simple geometric shapes. Here we focus on the contrast of all task blocks versus control blocks (that is, All Faces4Shapes), as all four facial expressions in our paradigm convey threat to varying degrees. [36] [37] [38] [39] Thus we construe the All Faces4Shapes contrast as broadly threat-related. In an exploratory set of analyses, we further investigated each expression-specific contrast independently to examine the extent to which amygdala reactivity to specific forms of threat (for example, threat originating from an unspecified source in the shared environment as conveyed by fearful expressions or threat originating from a discrete source as conveyed by angry expressions) may modulate the relation between stress, VS activity and alcohol use.
Our VS reactivity paradigm consists of a number-guessing task wherein participants receive predominantly positive feedback (80% correct guess), predominantly negative feedback (20% correct guess) or no feedback. There are three pseudorandomly presented blocks of each condition. Participants are unaware of the fixed outcome probabilities associated with each block and are led to believe their performance will determine a net monetary gain at the end of the scanning session. Instead, all participants receive $10. Here we focus on differential VS reactivity in the Positive4Negative Feedback contrast. BOLD fMRI acquisition parameters, preprocessing and analytic techniques are described in detail in Supplementary Methods.
Self-report and behavioral measures
Problem drinking over the past year was assessed using the Alcohol Use Disorder Identification Test (AUDIT). 40 Responses on all items were summed to form a total score, which was then used in the analyses. Recent life stress was assessed using a modified version of the Life Events Scale for Students (LESS). 34 This modified version of the scale asks participants to indicate whether they experienced common stressful life events within the past 12 months; in addition, for each event that occurred participants reported on the impact it had on their lives on a 1-4 scale (with 4 being the highest). The impact scores were set to zero for events that did not occur. Based on prior research 34 , we focused on the highest impact metric. To ensure the specificity of our results to current life stress, we also assessed early life trauma using the Childhood Trauma Questionnaire (CTQ) 41 and used CTQ Total scores as a covariate in all regression analyses. Current levels of anxiety and dysphoria were assessed using the Mood and Anxiety Symptom Questionnaire (MASQ). The MASQ provides four subscales-general distress depression (GDD) and anxiety (GDA), reflecting non-specific shared depressive and anxious symptomatology, as well as anxious arousal (AA) and anhedonia (AD), which reflect symptoms specific to anxiety and depression, respectively. 42 Notably, two-thirds of the items included in the AD scale are positively phrased (for example, 'I felt cheerful', 'I felt optimistic' and so on). Thus we conceptualize the AD scale as tapping into positive emotion and hedonic processing more generally, rather than anhedonia specifically. Finally, behavioral impulsivity was measured using a computerized monetary delay discounting task (Supplementary Methods). 12 
Statistical analyses
Linear or logistic regression models using LESS Highest Impact, amygdala reactivity, VS activity and their interactions as independent variables and AUDIT or AUD diagnosis as the dependent variable, respectively, were conducted in IBM SPSS Statistics 21 (IBM, Armonk, NY, USA). Significant three-way stress × amygdala reactivity × VS activity interactions were probed by testing the significance of the parameter estimates linking LESS and AUDIT or AUD diagnosis at low (1 s.d. below the mean), intermediate (mean) and high (1 s.d. above the mean) levels of amygdala reactivity and VS activity as implemented in Model 3 of the PROCESS macro 43 for SPSS. To more comprehensively depict the moderating effects of amygdala and VS reactivity across the entire range of their respective distributions, we further estimated the beta coefficient linking LESS and AUDIT at all observed amygdala and VS activity values. The distribution of AUDIT scores was slightly positively skewed (skewness = 0.963, kurtosis = 0.833). Nonetheless, skewness and kurtosis of this magnitude are still below the recommended cutoff for linear regression analysis, 44 thus we have conducted all our analyses using raw AUDIT scores. Notably, however, our results did not substantially change when we repeated all analyses using a square root transformation of AUDIT resulting in a more normalized distribution (skewness = − 0.307, kurtosis = − 0.485; data available upon request).
To probe the potential mechanisms underlying any significant interaction effects, we constructed moderated mediation models, where we tested whether current levels of anxious and depressive symptoms, as well as delay discounting, conditionally mediate the relationship between stress and AUDIT scores as a function of VS activity and amygdala reactivity. All moderated mediation analyses were conducted using Model 19 of the PROCESS macro in SPSS. 43 Bootstrapped bias-corrected confidence intervals (CIs) for each indirect effect were generated using 5000 bootstrapping iterations. Model fit was assessed using Mplus 6.12. 45 Based on prior research, 21 we focused all of our analyses on amygdala reactivity and VS activity in the left hemisphere. However, we also report results from exploratory analyses of the same statistical relationships in right hemisphere activation clusters (Supplementary Figure S1) . The significance for all tests was set at P o0.05, two-sided. Because of the strong a priori rationale for building our statistical models, no correction for multiple testing was applied.
RESULTS

Main effects of tasks and demographics
Consistent with prior research, our amygdala and VS BOLD fMRI paradigms elicited robust threat-related amygdala reactivity ( Figure 1a ) and reward-related VS activity (Figure 1b) , respectively. In addition, men showed slightly higher activation in both regions (t(757) values 41.86, P-valueso 0.064), while age was negatively correlated with VS activity bilaterally (b values o − 0.06; P-valueso 0.070). Notably, these effects of age remained when controlling for gender (P-values o0.05). Consistent with prior reports, 46 the men in our sample reported higher AUDIT scores than women (6.36 ± 4.74 versus 4.35 ± 3.77, t(737) = 6.30, Po 0.001). Race/ethnicity moderated AUDIT scores, such that non-Hispanic Caucasian participants reported drinking more than all other ethnic groups except for the Hispanic and multiracial group (F(3,755) = 4.61, P = 0.003, significant post hoc P-valueso 0.04 least significant difference (LSD)-corrected). None of the other groups differed from each other (P-values40.10 LSDcorrected). In light of these effects, all analyses were conducted with and without gender, age and race/ethnicity, in addition to CTQ scores, as covariates.
Predictors of stress-related problem drinking LESS Highest Impact scores were positively correlated with AUDIT scores (b = 0.108, P = 0.003) and this effect was robust to gender, age and race/ethnicity (b = 0.132, P = 0.0002). Importantly, however, the relation between LESS and AUDIT scores was moderated by amygdala and VS activation (b = − 0.377, P = 0.022), such that relatively increased levels of stress-related problem drinking were observed in individuals with one of two distinct neural profiles (Figure 2a and b) . The first risk profile consisted of a combination of relatively low VS activity and relatively high amygdala reactivity, while the second risk profile consisted of the opposite combination of relatively high VS activity and relatively low amygdala reactivity. Notably, while stress predicted greater problem drinking for those with intermediate (that is, mean) levels of amygdala reactivity and VS activity as well, the relative risk, as assessed by the strength of the linear relationship between stress and problem drinking, increased as the imbalance between these two neural phenotypes increased (Figure 3 ). In contrast, those individuals in whom both VS activity and amygdala reactivity was either low (o 1 s.d. below the mean) or high (41 s.d. above the mean) did not show any increase in problem drinking as a function of stress (b estimates o 0.240, P-values40.46). This three-way interaction was independent of gender, age, race/ ethnicity and CTQ scores (b = − 0.366, P = 0.022) and was not further moderated by any of these factors (all P-values40.60). Furthermore, the three-way interaction remained at trend-levels, with significant simple slopes, when non-drinkers (that is, individuals with AUDIT scores = 0; n = 111) were removed from the analysis (without covariates: b = − 0.302, P = 0.069; with covariates: b = − 0.301, P = 0.060; Supplementary Figure S2 ).
Predictors of AUD
Extending these results to the clinical range of problem drinking, we found that the same three-way interaction between LESS, amygdala reactivity and VS activity predicted the likelihood of being diagnosed with an AUD, regardless of comorbidity (without covariates: b = − 0.370, P = 0.016; with covariates: b = − 0.391, P = 0.014; Figures 2c and d) . Notably, stress was a more accurate predictor of the presence of a diagnosis for those with a combination of relatively low VS activity (o − 1 s.d.) and high (41 s.d.) amygdala reactivity, than for those with low amygdala reactivity and high VS activity, as in the latter group significant LESS-AUDIT correlations were only observed at larger levels of imbalance between VS activity and amygdala reactivity (for example, ⩾ 2.5 s.d. away from the mean; data not visualized). This same three-way interaction did not predict the probability of being diagnosed with a non-alcohol-related disorder (P-values40.60). Relationship with behavioral traits To evaluate whether the low VS-high amygdala risk profile is associated with drinking to reduce negative emotion, we tested a moderated mediation model with combined anxious and depressive symptomatology (sum of MASQ GDD, GDA and AA scores) as a mediator between LESS and AUDIT and the interaction Figure 5a ). Self-reported anhedonia levels (MASQ AD scale) did not mediate the relationship between LESS and AUDIT scores at any level of VS activity or amygdala reactivity, possibly due to their lack of an association with recent stress in the current sample (b = − 0.0118, s.e.: 0.0346, P = 0.73).
To further assess whether the high VS-low amygdala neural risk profile is associated with a positive emotion enhancement/ behavioral disinhibition pathway to problem drinking, we tested a similar moderated mediation model using delay discounting scores as a mediator (Figure 4) . The model fit the data very well (χ 2 = 9.639, df = 9, P = 0.3805; RMSEA = 0.010, CFI = 0.995). Although delay discounting was marginally positively correlated with LESS (P = 0.059), it did not mediate the relationship between LESS and AUDIT scores for any amygdala reactivity or VS activity values at the 95% confidence level. However, at the 92% confidence level, delay discounting was a more reliable mediator of the relationship between LESS and AUDIT scores for those with relatively high VS activity and low amygdala reactivity (b = 0.0311, s.e.: 0.0271, 92% CI: 0.0001-0.1031), than for those with the opposite combination of neural traits (b = 0.0204, s.e.: 0.0278, 92% CI: − 0.0087-0.0960; Figure 5b ).
Follow-up assessment
In a subsample of participants who completed a follow-up survey (n = 232, 136 women, mean age at follow-up 19.64 ± 1.22 years; b = − 0.469, P = 0.044), amygdala reactivity and VS activity further interacted to predict the relationship between LESS and AUDIT scores reported 3 months following completion of the DNS protocol including neuroimaging. This relationship remained trending when accounting for CTQ scores and demographic variables, including age, gender and race/ethnicity (b = − 0.441, P = 0.068; Figure 6 ). Importantly, LESS was associated with AUDIT scores primarily in participants with the low VS-high amygdala risk phenotype (P = 0.021), while the effect was less reliable for those with the high VS-low amygdala risk phenotype (P = 0.080).
Expression-specific contrasts All analyses were repeated with each individual expressionspecific contrast. All reported effects were confirmed with respect to amygdala activity to fearful expressions using the Fear4Shapes contrast (Supplementary Figures S3-S5) but not for any of the other expressions (all P-values40.17). Notably, in the model using the Fear4Shapes contrast, LESS predicted higher likelihood of being diagnosed with an AUD at less extreme values in the high VS-low amygdala phenotype (1 s.d. above and below the mean, respectively) in comparison to the model using the more general All Faces4Shapes contrast (Supplementary Figure S3d) .
DISCUSSION
Here we confirm our prior work 21 by demonstrating in a larger sample that the combination of relatively high reward-related VS and relatively low threat-related amygdala reactivity represent a neural risk phenotype for stress-related problem drinking in young adult university students. We also extend this prior work by further demonstrating that the opposite pattern of relatively low rewardrelated VS and relatively high threat-related amygdala reactivity also predicts stress-related problem drinking. In addition, we demonstrate that the relationship between stress and problem drinking is mediated by higher impulsivity in the form of steeper monetary delay discounting for those with high VS-low amygdala reactivity and by anxious/depressive symptomatology for those with the opposite neural risk phenotype. Across both neural phenotypes, we found that greater divergence or mismatch between VS and amygdala reactivity predicted greater risk for problem drinking. In contrast, balance between VS and amygdala reactivity (that is, when they are either both low or both high) was protective against stressrelated problem drinking. Finally, for those individuals with the low VS-high amygdala risk phenotype we found that stress not only predicted the presence of a DSM-IV diagnosed AUD at the time of neuroimaging but also the subsequent self-reported problem drinking 3 months in the future. Figure 4 . Conceptual depiction of the path analytic models tested to evaluate anxious/depressive symptomatology and delay discounting as mediators of the relation between stress and problem drinking at different levels of amygdala and ventral striatum reactivity. Figure 5 . Results from path analytic moderated mediation models using (a) anxious/depressive symptoms and (b) delay discounting as mediators between Life Events Scale for Students (LESS) and Alcohol Use Disorder Identification Test (AUDIT) at varying levels of ventral striatum and amygdala reactivity. Raw regression coefficients are presented for each path, along with standard errors in parentheses. Covariates in both models include gender, age, race/ethnicity (dummy coded) and Childhood Trauma Questionnaire. Mood and Anxiety Symptom Questionnaire (MASQ) anhedonia (AD) was additionally controlled for in panel (a). For the sake of brevity, individual covariates and their associated paths are not depicted. Variance in the mediators and AUDIT scores unaccounted for by the model are denoted as e1 and e2, respectively. **P o0.001; *Po 0.05; #P o0.1. AA, anxious arousal; GDA, general distress anxiety; GDD, general distress depression.
The two distinct neural risk profiles we identify may at least partially map onto previously identified psychological pathways to problem drinking. Specifically, the high VS-low amygdala profile may be associated with a pathway characterized by positive emotion enhancement and behavioral disinhibition. The opposite risk phenotype of low VS-high amygdala reactivity may conversely map onto a pathway associated with negative emotion relief and stress coping. Notably, however, we found that unlike shared anxious/depressive symptomatology and delay discounting, self-reported positive emotion and hedonic processing, as captured by the MASQ AD scale, did not significantly mediate the relationship between stress and problem drinking. Although some studies have pointed out similarities and potential overlap between the positive emotion and disinhibition pathways to problem drinking, 28, 29 others have suggested that positive emotion enhancement and lack of behavioral control may be distinct determinants of excessive alcohol consumption. 27, 47, 48 Furthermore, drinking to enhance positive emotion, even when excessive and problematic, is less likely to increase as a function of recent life stress, whereas convergent data from animal models 49, 50 and humans 51, 52 suggest that stress can increase behavioral disinhibition and impulsive responding. Thus perhaps the high VS-low amygdala phenotype we identify more directly shapes the risk pathway characterized by high impulsivity and behavioral disinhibition, rather than the risk pathway associated with the enhancement of positive emotion.
Relatedly, we found that across analyses the association between stress and both problem drinking and AUD diagnosis was stronger for those with the low VS-high amygdala phenotype relative to the opposite phenotype. This may reflect our focus on problem drinking specifically occurring in the context of recent stress, which is particularly important in our population of young adult university students. 53 Thus our analytic strategy may have been especially well suited for the discovery of risk factors predisposing to relief drinking or perhaps even neural phenotypes associated with a broader vulnerability to stress-related psychopathology. Consistent with the latter, a prior study has shown that a combination of relatively high amygdala reactivity and relatively low VS reactivity, but not the opposite combination, may be a risk factor for posttraumatic stress disorder. 54 Along similar lines and consistent with the propositions put forth by the research domain criteria initiative, 55 it is possible that the neural risk phenotypes we identified may predispose to two distinct cross-disorder vulnerabilities: one associated with impulse control and behavioral disinhibition, and another associated with negative emotion dysregulation, broadly defined, rather than simply two distinct pathways of risk for 'pure' AUD. In further support of this notion and consistent with prior literature, 56, 57 more than one-third of the participants meeting criteria for AUD in the current sample had a comorbid disorder (Supplementary  Table S2 ). Although the current study is underpowered to detect contributions of each neural risk phenotype to specific diagnostic comorbidities, this notion can be tested in cohorts enriched for other psychiatric disorders and/or followed longitudinally to assess lifetime comorbidity.
Although our principal findings implicate broad amygdala activity to emotional facial expressions, which can convey varying degrees of threat, our subsequent expression-specific analyses revealed that amygdala activity to unspecified environmental threat as conveyed by fearful facial expressions in our paradigm specifically contributes to risk in our sample. Prior work suggests that amygdala activity to fearful facial expressions may be specifically associated with anxiety and sensitivity to distress, whereas amygdala activity elicited by angry expressions may tap more directly into aggression and reactivity to interpersonal challenge. 35, 58 Thus the relative specificity of our results to fearful expressions is consistent with the construal of the low VS-high amygdala phenotype as predisposing to alcoholrelated problems via an affective risk pathway and supports the broader conceptualization of our findings.
Our study is, of course, not without limitations. First and foremost, while AUDIT scores represented in our sample spanned a wide range (0-23), the majority of our participants scored o 8-the generally accepted threshold for clinical significance. However, a substantial minority of participants scored ⩾ 8 (n = 197, 26%), suggesting our findings are not restricted to individuals who are merely social drinkers. Even more tellingly, we confirmed the potential clinical relevance of our model in analyses predicting clinical diagnosis of an AUD.
As a related limitation, alcohol consumption and harmful drinking patterns are known to be the highest within our sample population of 18-22-year-old university students with a marked decrease thereafter. 59, 60 Thus it is unclear whether problem drinking assessed at this developmental stage translates into subsequent AUD diagnosis in adulthood. Some studies, however, suggest that drinking patterns observed in college may be predictive of alcohol-related problems later in life. 5, 6 Furthermore, the fact that we were able to predict the relationship between stress and problem drinking 3 months following study completion lends credibility to the potential utility of our neural risk Figure 6 . Amygdala and ventral striatum (VS) reactivity jointly moderated the relation between recent life stress and problem drinking 3 months following initial study completion. Slopes represent beta coefficient estimates reflecting the strength of the relation between Life Events Scale for Students (LESS) and Alcohol Use Disorder Identification Test (AUDIT) scores, measured at the 3-month follow-up assessment, as a function of varying levels of amygdala and VS activity assessed at baseline. High levels of stress were associated with larger increases in AUDIT scores for participants with a combination of low VS (−1 s.d.) and high amygdala (+1 s.d.) reactivity (a, red line) but not for those with a combination of high VS and low amygdala reactivity (b, blue line). Simple slopes are adjusted for gender, age, race/ethnicity and Childhood Trauma Questionnaire.
phenotypes as predictors of future alcohol-related outcomes. Tracking individuals over longer periods of time would be helpful in determining the value of these neural phenotypes as predictors of long-term risk for the emergence and persistence of AUD. Gathering pertinent information from high school records or assessments and continuing to follow individuals throughout their university years and beyond could be a particularly informative and feasible strategy to implement.
As a further limitation, stress and alcohol use were assessed concurrently, using retrospective self-report measures, which creates vulnerability to reporting bias. In addition, our findings are correlational in nature and it is conceivable that, rather than stress precipitating problem drinking, problem drinking is precipitating stressful life events. Even if the causality is reversed relative to our interpretation, this would not undermine the observation that individuals with greater divergence or mismatch between reward-related VS and threat-related amygdala reactivity are at increased risk. However, in this case risk would be redefined as an increased probability that problem drinking would result in the experience of more impactful stressful life events. In fact, it is possible that both causalities hold true, as stress arising from prior alcohol use could contribute to the maintenance and escalation of harmful drinking patterns, thus creating a vicious cycle. 61 Larger developmental prospective longitudinal studies in at-risk and normative populations would afford the opportunity to establish risk trajectories and causality in a more definitive way.
Finally, although BOLD fMRI assessment of reward-and threatrelated brain function may help subtype individuals into distinct categories of AUD risk, it is likely impractical to implement neuroimaging in a general clinical setting, especially in large groups of people. Genetic assays, in contrast, have become increasingly accessible in recent years and may offer a faster and more affordable way to identify at-risk individuals, while also offering valuable insight into the molecular basis of some of the observed inter-individual variability. Efforts to map reward-and threat-related brain function onto common genetic variation have been ongoing. 62 Recent work from our group has highlighted promising novel strategies to increase the amount of variability accounted for by readily assayed molecular indices of these neural risk phenotypes. Specifically, we have demonstrated that a biologically informed multilocus genetic profile reflecting the cumulative impact of five polymorphisms on dopamine signaling predicts approximately 11% of the inter-individual variability in reward-related VS reactivity. 63 In addition, we recently provided evidence that epigenetic modifications impacting serotonin signaling predict a similar amount of variability in threat-related amygdala reactivity. 64 Combining and refining these two strategies in future work may not only allow for a more affordable and reliable way to identify at-risk individuals but also help uncover novel molecular targets for intervention and prevention.
